The single-crystal X-ray structures of lanthanum, europium, and gadolinium ultraphosphate, RP 5 93, 505 (1970)]. The minimum R 2 R separations are compared with all other structural reports of lanthanide ultraphosphates. Type (I) compounds have the lowest minimum R 2 R separation, which decreases with atomic number and appears not to perturb the optical properties of any rare-earth ultraphosphate. In each case, R is surrounded exclusively by eight oxygen atoms that form a distorted square antiprism. A P+O network holds together the three-dimensional structure. The magnetic susceptibilities of neodymium, samarium, and gadolinium ultraphosphate as a function of temperature are also reported along with corresponding magnetization measurements. All compounds exhibit a paramagnetic response, following Curie:s law except in the regions where crystal 5eld splittings are signi5cant.
5ed by Bagieu-Beucher and Tranqui [Bull. Soc. Fr. Miner. Cryst. 93, 505 (1970) ]. The minimum R 2 R separations are compared with all other structural reports of lanthanide ultraphosphates. Type (I) compounds have the lowest minimum R 2 R separation, which decreases with atomic number and appears not to perturb the optical properties of any rare-earth ultraphosphate. In each case, R is surrounded exclusively by eight oxygen atoms that form a distorted square antiprism. A P+O network holds together the three-dimensional structure. The magnetic susceptibilities of neodymium, samarium, and gadolinium ultraphosphate as a function of temperature are also reported along with corresponding magnetization measurements. All compounds exhibit a paramagnetic response, following Curie:s law except in the regions where crystal 5eld splittings are signi5cant.
INTRODUCTION

Rare-earth ultraphosphates, RP
O , have been the subject of considerable industrial interest on account of their high potential as lasing materials due to their desirable optical properties (1, 2) . Such optical properties are strongly dependent upon the atomic structure of a material. In particular, the distance between rare-earth ions is important since there is a radial limit below which cross-relaxation To whom correspondence should be addressed. E-mail: jmc61@cam. ac.uk. Present address: Department of Chemistry, University of Cambridge, Lens"eld Road, Cambridge, CB2 1EW, UK.
of energy levels will occur, thereby causing depletion in e$ciency of population inversion. Moreover, the extent of atomic/ionic shielding between rare-earth ions will further in#uence these e!ects and so precise knowledge of the spatial arrangement of these materials on an atomic level is crucial.
In view of this, the crystal structures of lanthanum, europium, and gadolinium ultraphosphate were determined. These structures are an addition to the partially established series of rare-earth ultraphosphate crystal structures that has been reported previously: 10, 11) , and YbP O (12) . A structural determination of GdP O has also been reported (13) , although the poor statistics obtained (e.g., R"0.103) and the use of block re"nement merited the full redetermination presented herein. Those structures are compared with the structures presented here. In particular, we were interested in ascertaining into which of the four structural types, as classi"ed by Bagieu-Beucher and Tranqui (14) and Rzaigui and coworkers (3) the subject compounds fall, given the prevalence of polymorphism in these systems (RP O , where R"Ce, Gd, Tb, Dy, Ho, Er (14) ).
In a more general sense, ultraphosphates are one in the family of phosphates that comprise ortho-, pyro-, meta-and ultraphosphates given in order of decreasing rare-earth stochiometric content. In addition to similar optical e!ects, rare-earth metaphosphate compounds exhibit interesting magnetic properties (15) and therefore we were intrigued to discover the nature of the magnetic properties of the ultraphosphates. The magnetic susceptibilities as a function of temperature and "eld strength for NdP O , SmP O , and GdP O are therefore reported herein. 
X-Ray Crystallography
Single crystals were grown according to the procedure described by Danielmeyer and co-workers (16) . A summary of crystal, data collection, and re"nement parameters is given in Table 1 . All experiments were carried out using a Siemens SMART-CCD di!ractometer, which employed graphite monochromated MoK radiation (0.71073 A > ). Each data collection nominally covered over a hemisphere of reciprocal space by a combination of three sets of exposures; each set had a di!erent angle for the crystal setting and each exposure covered 0.33 in . The crystal-to-detector distance was 4.51 cm. Coverage of the unique set is more than 97% complete to at least 253 in . Crystal decay was monitored by repeating the initial frames at the end of data collection and analyzing the duplicate re#ections. Cell parameters were re"ned using 512 re#ections from all regions of reciprocal space, and data were reduced using the SAINT (17) program. A semiempirical absorption correction (via -scans) was applied in each case. All structures were solved by Patterson methods using SHELXS-86 (18) and subsequent di!erence Fourier syntheses and then re"ned by full-matrix least-squares methods on F using SHELXL-93 (19) . Atomic scattering factors were taken from &&Interna-tional Tables for Crystallography, Volume C, Mathematical, Physical and Chemical Tables'' (20) . Isotropic extinction corrections were applied in each structural re"nement and positional and anisotropic displacement parameters were re"ned for all atoms.
Magnetic Measurements
Measurements of dc magnetic susceptibility were made in the 5}350 K temperature range at 1000 Oe using a Quantum Design MPMS5 SQUID magnetometer. Magnetization versus "eld experiments were performed in an Oxford Instruments VSM in applied magnetic "elds of up to 60 kOe at a constant temperature (¹"2 K).
RESULTS AND DISCUSSION
Re"ned atomic fractional coordinates with their equivalent isotropic atomic displacement parameters and bond lengths are given for all structures in Tables 2 and 3 , respectively.
The magnetic susceptibilities as a function of temperature for neodymium, samarium, and gadolinium ultraphosphate are given in Figs. 1a}c, while Figs. 2a}c show their magnetization as a function of magnetic "eld at ¹"2 K.
All three structures are type (I) rare-earth ultraphosphates as classi"ed by Bagieu-Beucher and Tranqui (14) since they belong to the space group P2 /c and are isomorphous with each other and with all previously reported type (I) rare-earth ultraphosphate structures (4}7, 13). Several crystals of di!erent morphologies were tested in each case but no evidence of polymorphism was found.
R}R Distances
A summary of all shortest R 2 R distances in rare-earth ultraphosphate structures is given in Table 4 . The shortest R 2 R distances in each of the subject compounds are similar to each other and to those of type (I) structures reported previously. In accordance with the lanthanide contraction, the shortest R 2 R distances in all type (I) structures decrease with increasing atomic number. The shortest R 2 R distance increases from structure types (I), (II), (III), to (IV), respectively. Given that NdP O is a type (I) structure and yet still possesses excellent optical properties, we propose that the rare-earth ions in all rare-earth ultraphosphates are su$ciently far apart to preclude any decrease in the e$ciency of population inversion.
R Coordination
In each case, the rare-earth ion is surrounded by eight oxygen atoms that form a distorted square antiprism. There is no direct R}P bonding and each of the oxygen atoms in the RO polyhedra are shared exclusively with PO tetrahedra. Average mean plane deviations for each square La (1) 77697 (2) 69030 (2) 99852 (1) 52(1) P (1) 100965 (9) 99290 (10) 70770 (6) 64(2) P (2) 74624 (9) 104856 (10) 83606 (6) 60(2) P (3) 81164 (10) 125206 (10) 100034 (6) 60(2) P (4) 72357 (9) 105249 (10) 116222 (6) 60(2) P (5) 49246 (9) 100245 (10) 132262 (6) 59 (2) O (1) 91680 (3) 61900 (3) 115360 (2) 102(5) O (11) 91380 (3) 61320 (3) 84540 (2) 106(5) O (12) 91080 (3) 106780 (3) 79560 (2) 112(5) O (14) 113200 (3) 90130 (3) 77550 (2) 96(5) O (2) 71720 (3) 91140 (3) 89110 (2) 118 (5) O (23) 72290 (3) 119200 (3) 89970 (2) 92 (5) O (25) 63780 (3) 108010 (3) 74410 (2) 97(5) O (3) 103570 (3) 81560 (3) 99290 (2) 93 (5) O (34) 70250 (3) 118380 (3) 108650 (2) 96 (5) O (4) 72870 (3) 90710 (3) 111590 (2) 117 (5) O (45) 58630 (3) 108270 (3) 123360 (2) 101 (5) O (5) 58310 (3) 61440 (3) 87130 (2) 109(5) O (6) 78910 (3) 41270 (3) 100160 (2) 116(5) O (7) 57640 (3) 62080 (3) 111750 (2) 97 (5) Eu (1) 77757 (3) 69081 (3) 99888 (2) 55(1) P (1) 100870 (2) 99460 (2) 70315 (12) 70(3) P (2) 74580 (2) 104730 (2) 83468 (12) 68(3) P (3) 81430 (2) 125480 (2) 100003 (12) 56(3) P (4) 72620 (2) 105130 (2) 116381 (12) 65(3) P (5) 49310 (2) 100250 (2) 132751 (12) 62 (3) Note. (i)}(vii) refers to the symmetry transformations used to generate the equivalent second atom given in the bond description, where (i) !x#2,y#1/2,!z#3/2; (ii) x,!y#3/2,z!1/2; (iii) x,y#1,z; (iv) !x#2,!y#2,!z#2; (v) !x#1,y#1/2,!z#5/2; (vi) x,!y# 3/2,z#1/2; (vii) !x#1,!y#2,!z#2.
? X(1A) and X(1B) relate to the position at the center of the prism squares de"ned by O(11A)}O(3)}O(1)}O(6) and O(2)}O(4)}O(7)}O(5), respectively.
[O(11A)}O(3)}O(1)}O(6) and O(2)}O(4)}O(7)}O(5)] of the prism are 0.0065, 0.0468 A s (La); 0.0049, 0.0394 A > (Eu); 0.0052, 0.0476 A > (Gd), respectively. The distortion exists in three forms: (i) a tendency toward a diamond-like geometry rather than a square; (ii) the rare-earth ion in the cage is o!-center and (iii) there is a slight tilt of each square plane with respect to the other (5.23 (La); 4.43 (Eu); 4.33 (Gd)]. The level of distortion appears to decrease with increasing atomic number, presumably because the rare-earth ion becomes more accommodating as it decreases in size according to the lanthanide contraction.
The geometry of the oxygen cage around the rare-earth in these structures was compared with those reported previously. As expected, all type (I) structures adopt a square On the other hand, the orthorhombic type (II) structure is best described as a distorted bicapped trigonal prism while, in the triclinic type (IV) variety, oxygen atoms surround each rare-earth in a highly irregular manner.
P}O Network
All three structures possess "ve nonequivalent P positions and 14 nonequivalent O positions, thereby resulting in an O/P ratio of 14/5. This compares to values of 4 and 3 for
In the report concerning the structure of NdP O by Hong (5), the oxygen cage was described as a bicapped trigonal prism. However, we constructed a model according to the fractional coordinates reported and while one could approximate this shape around the rare-earth ion, it was clear from the geometry that a square antiprism described the cage better.
analogous orthophosphate, RPO and metaphosphate, R(PO ) compounds, respectively. Di!erences in the number of bridging oxygen atoms, QL, are responsible for these di!erences in O/P ratios. In the structures reported here, there exists a ratio of 3Q : 2Q species as can be inferred from the bond geometry about each P atom, whereas the orthophosphate contains solely Q species, i.e., isolated PO tetrahedra, and in the metaphosphate, each PO tetrahedron is a Q species. The subject compounds therefore satisfy the de"nition of ultraphosphate species and are isotypic with those reported previously.
There is no direct P}P bonding in the network and so the packing arrangement of the structure is dictated by the geometry of the P}O bonding. An in"nite chain of RP O rings lie along both the crystallographic a and b axes. Each of these rings possess a pseudo-chair con"guration as can be seen in Fig. 3 . Two O}P}O branches emanate from either side of this ring and propagate along the crystallographic c axis joining to R and P groups from adjacent in"nite chains, thereby resulting in a very rigid three-dimensional structure.
Magnetic Properties
The magnetic susceptibility as a function of temperature and of magnetic "eld was assessed for the compounds RP O , where R"Nd, Sm, and Gd. These materials were selected for testing since all three structures are type (I) rare-earth ultraphosphates and have been reported either previously (4}7, 13) or herein. The only other reported type (I) rare-earth ultraphosphate structures are those of LaP O and EuP O (this work) and these were not chosen because La> has no f electrons and so is diamagnetic while Eu> has an e!ective magnetic moment of zero due to the mutual cancellation of the spin and orbital angular momentum (assuming the F ground state). All three rare-earth ultraphosphate crystals tested gave a paramagnetic response. The response for GdP O obeys Curie's Law very well; this is consistent with the (S ) ground state of Gd>, which has no orbital angular momentum and so is una!ected by crystal "eld e!ects. Fitting to "C/¹# , where C is the Curie constant and is a small temperature independent correction term to account for diamagnetism of the sample holder, gives a value of g[ j( j#1)] for Gd> of 7.97, which is in very good agreement with the predicted value of 7.94 (Ref. (21)).
Deviations from the characteristic 1/ versus ¹ linear relationship were observed in the susceptibility data at ¹(150 K in NdP O and throughout the temperature range in SmP O . Deviations from Curie's law are common in rare-earth salts due to the presence of crystal "eld e!ects. Such crystal "eld splittings are typically of the order of 10}100 cm\ (21) and depend upon the local symmetry about the rare-earth ion (22) : the lower the symmetry, the greater the crystal "eld splitting. These splitting energies correspond to a 14}144 K temperature range and so deviations from Curie's law can be expected below about 150 K. Indeed, the departure from Curie's law in NdP O begins at 150 K. The onset of such a deviation at this temperature re#ects the distortion from the otherwise high symmetry of the square antiprism. In the case of NdP O , a satisfactory "t to the data was obtained by "tting it to an expression of the form "C/(¹# )# , where the term is introduced to allow for the e!ect of the splitting of the 2J#1 levels by the crystalline electric "eld (21) . The "t yields g[ j( j#1)]"3.34 for Nd> and &30 K. Both these values are consistent with expectations. In the case of SmP O , the crystal "eld e!ects are even more severe and a!ect the paramagnetic response across the whole temperature range measured (5}300 K). This is a consequence of the presence of the low-lying excited sates with higher values of J than the ground state, H , at room temperature. No "ts to the data using a simple Curie expression are possible in this case. The display of paramagnetism is a further indication to us that the rare-earth ions are su$ciently far apart from each other that no interaction between them is occurring. Furthermore, the fact that GdP O is paramagnetic suggests that all rare-earth ultraphosphates are paramagnetic since GdP O possesses the shortest minimum R 2 R separation (see Table 4 ) except for type (I) TbP O , (Tb being the smallest rare-earth ion permitted to exist as a type (I) ultraphosphate (14) ) in which R}R is only marginally shorter than in the present case.
The measurements of magnetization (M) as a function of magnetic "eld (H) reveal that the magnetic response of all the compounds tested are reversible with no hysteresis. For GdP O the M versus H curve has a Brillouin form typical of a paramagnetic. There is a tendency toward saturation for H/¹ above 20 kOe/K and a value of 7 /Gd> ion ( "Bohr magneton). These results agree well with previous measurements on paramagnetic Gd salts (21) . For NdP O the crystal "eld e!ects reduce the moment on each Nd> ion to 0.7 at 60 kOe, although the M}H curve still has the conventional "eld dependence. For SmP O the curvature of the M versus H response decreases as the magnetic "eld is increased. The moment per Sm> ion is only 0.025 at 60 kOe. This underlines the strong e!ects of crystal "elds in this material.
CONCLUSIONS
The X-ray di!raction derived structures reported herein are revealed as type (I) rare-earth ultraphosphates according to the classi"cation by Bagieu-Beucher and Tranqui (14) . The rare-earth ions lie in a cage of eight oxygen atoms that form a distorted square antiprism. This distortion appears to exacerbate the crystal "eld e!ects in the magnetic data. The square antiprism is the best described geometry about R> for all monoclinic (type (I) and type (III)) rareearth ultraphosphates. The minimum separation observed between rare-earth ions is lowest for type (I) structures. This R 2 R distance is similar for all type (I) species although we do observe a slight decrease with increasing atomic number in accordance with the lanthanide contraction. Given that NdP O has a type (I) structure and possesses excellent optical properties, we propose that no rare-earth ultraphosphate compounds are a!ected signi"cantly by this proximity of R> ions. Furthermore, the magnetic measurements on neodymium, samarium, and gadolinium ultraphosphates reported here display a paramagnetic response which indicates that there is no interaction between the rare-earth ions. The paramagnetic response obeys Curie's law except where crystal "eld splitting e!ects are signi"cant. We postulate that all rare-earth ultraphosphate compounds are paramagnetic on the basis of our results. Each RO polyhedron is linked to another via an in"nite three-dimensional rigid P}O framework.
